Abstract. Approximately 15 per cent of the light chains from homogeneous immunoglobulins in patients with multiple myeloma contain an oligosaccharide group. Five human myeloma light chains that contained carbohydrate were studied. The sequence Asn--Ser/Thr was at the site of carbohydrate attachment in all light chains. The carbohydrate group was attached to the asparagine residue of this triplet sequence which in all five light chains was located in the variable region. The occasional occurrence of carbohydrate in myeloma light chains is seen as the consequence of a variable region mutation creating an Asn--Ser/Thr sequence to which carbohydrate is attached by an enzyme capable of recognizing the characteristic triplet sequence.
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Introduction. Antibody molecules are glycoproteins with a multichain polypeptide structure consisting of two identical light chains and two identical heavy chains. The functional diversity of antibodies is a result of amino acid sequence variability in the amino terminal 107 and 117 residues of light and heavy chains respectively (the variable region). The amino acid sequence of the remainder of heavy and light chains (the constant region) is identical in all molecules of a given class or type.1 An oligosaccharide containing approximately 14 sugar residues is covalently bound to the constant region of all heavy chains.2 Approximately 15% of the light chains isolated from serum myeloma proteins contain an oligosaccharide comparable to that present on all heavy chains. 3 In addition, a homogeneous light chain with covalently attached carbohydrate has been isolated from the urine of two patients with multiple myeloma.4 We Screening procedure for carbohydrate in light chains: Homogeneous light chains from urine (Bence-Jones proteins) were tested for hexosamine either in dialyzed concentrated urine or after purification. Approximately 200 gg light chains were hydrolyzed in 6 N HCl for 15 hr at 110'C and electrophoresed on paper at 7000 V at pH 1.9.5 The color reaction of hexosamine, migrating between alanine and valine, was maximal about 1 hr after staining with ninhydrin. 975 Purification of light chains: Unpurified light chains which seem to contain hexosamine by the semiquantitative screening assay were precipitated with ammonium sulfate at 50% saturation and were dialyzed extensively against 0.1 M Tris-Cl, pH 8.0, or 1 N acetic acid. The final step of purification was gel filtration on G-l00 Sephadex in 1 N acetic acid or gradient elution from DEAE-cellulose with 0.1-0.3 M Tris-Cl, pH 8.2. The light chains which had been isolated from serum myeloma proteins by gel filtration on G-100 Sephadex required no further purification. All purified light chains were free of serum-protein contamination as evidenced by immunoelectrophoresis at a protein concentration of at least 10 mg/ml.
Isolation of glycopeptides: Purified light chains (4 mg) were prepared for trypsin digestion by aminoethylation6 and for pronase or subtilisin digestion by heat denaturation at 100'C for 30 sec. Enzymatic digestion was performed for 3 hr at 370C by using a 1% enzyme-substrate ratio in 0.1 M ammonium bicarbonate. Peptide maps of tryptic digests were prepared by using two systems previously described.78 Glycopeptides stay at the origin in the chromatography dimension and migrate no more than 10 cm in the electrophoresis dimension. To isolate glycopeptides from pronase or subtilisin digests, chromatography and electrophoresis7 were performed for 48 hr and 90 min respectively.
Preparative maps were sprayed with 0.05% ninhydrin in ethanol to localize peptides that were eluted with water.
Amino acid composition and sequence of glycopeptides: Semiquantitative amino acid analysis of common region peptides was performed by electrophoresis at pH 1.9.15 Glycopeptides were hydrolyzed in sealed, evacuated glass tubes in 6 N HCl for 15 hr at 110°C. When tryptophan was suspected, peptides were hydrolyzed in 6 N HCl containing 4% thioglycollic acid.9 The subtractive Edman procedure was used for peptide sequencing; amino-terminal residues were labeled with dansyl chloride and identified by high voltage electrophoresis10 or thin-layer chromatography."
Quantitative amino acid analysis was performed using a Beckman model 120C amino acid analyzer.
Carbohydrate analysis: N-acetylglucosamine and N-acetylgalactosamine were quantitated on an amino acid analyzer after hydrolysis with 4 N HCl in sealed, evacuated tubes for 3 hr at 110°C.4 Destruction during hydrolysis was measured by identical treatment of amino sugar standards. Neutral sugars were measured by the anthrone reaction with mannose as standard.'2 Sialic acid was determined by the thiobarbituric acid assay with N-acetylneuraminic acid as standard. '3 Results. To obtain material for study, 89 light chains were screened for carbohydrate (Table 1) . For screening homogeneous light chains from the urine of patients with multiple myeloma (Bence-Jones proteins), hexosamine was taken as the most reliable indicator of carbohydrate since it is usually the carbohydrate residue linked directly to the polypeptide chain in immunoglobulins and least likely to be removed by glycosidases present in the kidney.2 Light chains containing hexosamine were purified, peptide maps were prepared, and the yield of glycopeptide was measured by amino acid analysis. In five light chains, the content of amino sugars (three to four residues per light chain molecule, Table 2 ) was similar to that in heavy chains, indicating that all or nearly all the light chain molecules in these preparations contained a carbohydrate group. Table 1 shows that three of the 71 Bence-Jones proteins and two of 18 light chains isolated from serum myeloma proteins contained carbohydrate. Most of the common region peptides from tryptic digests of the five myeloma light chains were identified and none contained carbohydrate. Two criteria were used to identify the variable region subgroup14 to which the light chains belonged. The subgroup of two kappa chains, HBJ4 and HBJ10, was determined by the amino acid sequence of the amino terminal 20 residues. 15a In a third kappa chain, Mor (a subgroup specific variable region peptide) was isolated. All three kappa chains were subgroup I. By both criteria, the lambda light chain, Ful, was subgroup II. 16 In three of the five myeloma light chains it was possible to position unequivocally the site of carbohydrate attachment to the polypeptide chain. In the kappa chain, HBJ4, the carbohydrate attachment site was found to be Asn-28 by sequence homology between the glycopeptide and light chains of known sequence (Fig. 2) and also by automated sequential Edman degradation from the N-terminal residue to the Ile at position 29.17 A second kappa chain, Dup, is virtually identical to Ag, Roy, and Eu at positions 63-72. This glycopeptide has two Asx residues that are potential sites for a glycosylamine bond to asparagine. Both aspartyl residues are part of an Asx--Ser/Thr triplet sequence. Since extensive enzymatic digestion with large quantities of pronase, subtilisin, and carboxypeptidas& failed to yield a glycopeptide containing only one Asx residue, the site of carbohydrate attachment could be to either Asx-65 of Asx-70 or possibly both. Scarcity of this light chain precluded more complete study. The lambda chain, Ful, contained a large tryptic glycopeptide whose amino acid composition was very similar to the segment 24-45, of the reference proteins Ha and New. A glycopeptide isolated from subtilisin digests had an amino acid sequence that was identical to the segment 23-28 of Ha and New except for Asn-26 to which carbohydrate was attached (Fig. 2) .
It was not possible to establish definite sequence homology between reference proteins and the glycopeptides from two light chains, HBJ10 and Mor. The tryptic glycopeptide from these proteins clearly was not a common region pep ularly extensive amino acid sequence diversity in the myeloma proteins (e.g., positions 25-35 and 89-96). Indeed, the most probable, though tentative, site of carbohydrate attachment in both light chains is at position 34 as determined by comparing the amino acid and codon sequences of the glycopeptides with reference proteins. '8-20 The glycopeptides of the human kappa chain, HBJ4, and the mouse kappa chains, MOPC4622 and MPC37, are compared in Figure 3 Thr to which carbohydrate was linked by a glycosylamine bond. The regions of particularly extensive diversity of the amino acid sequence are depicted in Figure 4 by heavy lines in the prototype light chain; the site of carbohydrate attachment in HB3J4, Ful, aid probably in H13J10 and Mor lies within these regions.
Discussion. The primary finding of this study is that all the human myeloma light chains with covalently linked carbohydrate that were examined shared a common amino acid sequence, Asn--Ser/Thr, at the site of carbohydrate attachment. This tripeptide sequence apparently serves as an acceptor for an enzyme (N-acetylglucosamine-asparagine transglycosylase) catalyzing the formation of a glycosylamine bond between asparagine and N-acetylglucosamine.
All human heavy chains apparently have carbohydrate covalently linked to the constant region.2 23 A ey, human heavy chain has carbohydrate attached to the Asx residue of an Asx-Ser-Thr triplet at positions 297-299 of the constant region. 20 The other y-chain subclasses also have carbohydrate bound to Asx at apparently homologous common region sites.24 Glycopeptides containing Asn and Ser have been isolated from at least one common region site on a ,u-chain. 25 Although less is known of a-chain carbohydrate, there is evidence for asparagine-linked carbohydrate. 26'27 There are no Asn--Ser/Thr triplets in the constant region of the only completely sequenced heavy chain other than the site of carbohydrate attachment. 20 The available evidence is consistent with the view that all heavy chain constant regions contain asparagine-linked carbohydrate and thus that all immunoglobulin-forming cells contain the transglycosylase. Thus, light chains are synthesized in cells containing an enzyme for attaching carbohydrate to an appropriate site on a polypeptide chain.
In this study, glycopeptides from the variable region of human myeloma light chains contained carbohydrate associated with the triplet, Asn--Ser/Thr in each case. We sought to learn if this triplet in the variable region always was a site of carbohydrate attachment by surveying 2700 overlapping amino acid triplets from complete variable region sequences28 for the characteristic triplet sequence. Three proteins contained the triplet in the variable region but did not contain variable region carbohydrate. Two were Bence-Jones proteins (Ha and Bo)18 and the third was the heavy chain from a serum macroglobulin (Ou).29 There are at least three possible reasons why carbohydrate might not be linked to an Asn--Ser/Thr triplet. First, the triplet could be inaccessible to the transglycosylase because of the folding of the polypeptide chain. Second, the cells in which the protein was synthesized could lack the transglycosylase, although this seems unlikely for cells forming complete immunoglobulin molecules. Finally, the oligosaccharide could be removed from the polypeptide by glycosidases in the kidney.2 There are no data allowing a choice among these alternatives.
Two light chains, HBJ4 and Ful, have carbohydrate attached at or near position 28 of the variable region. Furthermore, it seems likely by amino acid and codon sequence homology that proteins Mlor and HBJ10 have their carbohydrate attached either in this region or possibly in a second region located between residues 89 and 96. In another light chain, the site of carbohydrate attachment is in the segment 25-35 of the variable region. 30 The segments 25-35 and 89-96 of the light chain variable region are postulated to be directly involved in antigen binding by two kinds of evidence: first, the extensive amino acid se(uence diversity of these regions3"-33 and, second, affinity-labeliiig experiments with a mouse myeloma protein34 35 aiid rabbit antibody,36 both with dinitrophenyl-binding activity. Since the oligosaccharide is hydrophilic, the regions of the light chain variable region that contain carbohydrate are probably on the exterior of the molecule where the carbohydrate can interact with the hydrophilic solvent. In porcine RNase, the oligosaccharide groups do in fact appear to be attached to the exterior of the protein. 3 It has been demonstrated that at least ten different species of mammals have Asx--Ser/Thr at the site of attachment of carbohydrate to the heavy chain constant region at a site homologous with the human heavy chain.38 Furthermore, two mouse kappa chains have variable region carbohydrate attachment sites virtually identical in position and sequence to the human kappa chain HBJ4 (Fig. 3) . Apparently the specificity of the transglycosylase has been preserved throughout much of mammalian evolution.
The function of carbohydrate in immunoglobulins is unknown although the remarkable conservation of heavy chain carbohydrate throughout mammalian evolution suggests an important role for carbohydrate attached to heavy chains. The postulated role for carbohydrate in facilitating secretion of immunoglobulin from the cell could be served by the oligosaccharide present on all heavy chains. The function of variable region carbohydrate is likewise unknown. It seems unlikely that carbohydrate plays an important role in antigen binding since the oligosaccharide is a bulky group made up of a limited variety of carbohydrate residues and cannot be synthesized in a precisely reproducible fashion. In fact, the bulky carbohydrate group attached near the antigen-binding site could interfere with antigen binding. Were this the case, one would predict that the variable regions of light chains from normal serum immunoglobulins should have little or no carbohydrate bound near the antigen-binding site, since interaction of antigen with antibody bound to the surface membrane of immunocyte precursors is apparently necessary for induction of the immune response.39 This possibility is currently being investigated.
This study suggests that if the sequence triplet Asn--Ser/Thr is not sterically hindered it can act as a carbohydrate acceptor from a transglycosylase whose primary function is to glycosylate heavy chains and other proteins. This enzyme may respond indiscriminately whenever a polypeptide contains the characteristic sequence triplet. Thus, carbohydrate attached to the light chain variable region may well be an "accident of nature" because of the creation of the sequence triplet Asn-__ -Ser/Thr either by the mutational mechanism that is responsible for generating antibody diversity or by some other mutational event.
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